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In a recent paper we developed a string cosmology background from classical string geometry.
Here, we show that this background yields a solution to the size and horizon problems of Standard
Big Bang cosmology while remaining compatible with the Transplanckian Censorship Conjecture.
We also take a first look at the evolution of cosmological perturbations in this model.
I. INTRODUCTION
If superstring theory is the correct framework which
unifies all forces of nature at the quantum level, then
strings must have played a crucial role at the high den-
sities of the early universe. A theory based on one-
dimensional strings as the fundamental objects has new
symmetries and new degrees of freedom which theories
based on point particles do not have. In particular,
strings do not only have momentum modes, but also os-
cillatory and winding modes. Associated with the exis-
tence of winding modes is a new symmetry, namely the
T-duality symmetry [1–5] which implies that, for a com-
pact background (e.g. a toroidal background), physics on
a space of radius R is equivalent to physics on a space of
radius 1/R (in string units). From the partition function
of a gas of closed strings [6] it then follows that the tem-
perature T (R) obeys this symmetry which implies that
the temperature of a gas of closed strings is finite [7] for
any radius and always below the Hagedorn temperature
[8].
String Gas Cosmology (SGC) [7] (see also [9]) is a
scenario based on the above results in which an emer-
gent phase dominated by a gas of strings with tempera-
ture close to TH precedes the Standard Big Bang expan-
sion. To attain thermal equilibrium, a quasi-static phase
in Einstein frame is postulated, with a nearly constant
scale factor. Regarding cosmological perturbations, it
was shown in [10] that thermal fluctuations yield a nearly
scale-invariant spectrum of scalar and tensor perturba-
tions, with a red tilt for the former and blue tilt for the
latter [11, 12], and non-Gaussianities which are Poisson-
suppressed on large scales [13]. Hence, String Gas Cos-
mology explains the origin of structure of the universe
and it is an alternative to the inflationary paradigm (for
reviews on SGC, see [14–16]).
At late times, once Einstein gravity may be assumed
as a low energy field theory, the interplay between mo-
mentum and winding modes naturally stabilizes the size
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moduli of extra dimensions [17–20] while the shape mod-
uli are also stabilized by string flux effects [21]. In [22]
it was shown that non-perturbative gaugino condensa-
tion can be used to stabilize the dilaton, with no inter-
ference on the other moduli stabilization, and the same
non-perturbative effect was shown to break supersymme-
try at a high scale [23].
Apart from the successes of SGC, it had remained an
open problem until recently to justify the assumption
of an early quasi-static phase for the scale factor in the
Einstein frame in the high temperature regime. In fact,
it was known that the Einstein equations could not be
used since they are not consistent with the T-duality
symmetry of string theory. One could have hoped that
Pre-Big-Bang Cosmology [24] (see also [25], and [26] for
a review) could tackle the issue since it is compatible
with T-duality, but without higher order string correc-
tions (α′ corrections) the individual solutions are neither
quasi-static nor non-singular.
Double Field Theory (DFT) [27–31] (see e.g. [32] for
a review) is a proposal for an effective field theory de-
scription of space-time which is built on the T-duality
symmetry of string theory. DFT is a field theory which
describes a doubled space, with an extra set of spatial
coordinates dual to the regular ones. The original set
can be viewed [7] as the Fourier transform of the string
momentum modes, and the dual set as the Fourier trans-
form of the string winding modes. Thus, the T-duality
symmetry of string theory is manifest. Point particle mo-
tion in DFT was studied in [33], where it was shown that
geodesics can be extended infinitely far into both the past
and the future. In [34–36], cosmological solutions of the
DFT equations of motion were studied in the presence
of a matter source corresponding to a gas of strings, and
it was shown that the solutions are non-singular. How-
ever, the equations of motion contained neither string nor
quantum corrections, and the solutions obtained did not
have a quasi-static phase at high energy densities. We
expect that at high densities higher order corrections in
α′ become crucial.
In an important paper [37], Hohm and Zwiebach re-
cently were able to classify all higher order α′ correc-
tion terms to the effective field theory action consistent
with the O(d, d) symmetry of homogeneous and isotropic
backgrounds. In a followup paper [38], the analysis was
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2extended to include matter sources. The formalism es-
tablished in [37, 38] thus provides the framework to study
classical superstring cosmology 1 at the mini-superspace
level including all possible α′ corrections, in the presence
of matter. Some solutions and their stability were dis-
cussed in [39].
In a recent paper [40] we studied solutions of the clas-
sical string equations of [38] which begin as a de Sit-
ter phase in the String frame. If matter is dominated
by winding modes, the Einstein frame metric is static.
Thus, these solutions can be viewed as candidates for
the emergent universe [41] which SGC posits. In this
paper we study some phenomenological consequences of
these solutions. In particular, we show that the size and
horizon problems of Standard Big Bang cosmology can
be solved. The scenario can be made consistent with
the Trans-Planckian Censorship Conjecture (TCC) [42].
We also take a first look at the evolution of cosmological
perturbations in this framework.
In the following we will work in a d + 1 dimensional
space-time with n internal and d−n external dimensions
(we will consider d = 9 and n = 6). We use units in
which c = ~ = 1, and denote κ2 = 8piG, with G being
Newton’s gravitational constant. The equation of state
parameter w is the ratio of pressure to energy density.
Time is denoted by the variable t, temperature by T ,
and scale factor by a. Subscripts 0 on these quantities
denote the values of these variables at the present time.
II. REVIEW OF α′-COSMOLOGY AND
SUMMARY OF THE MODEL
The basic variables for classical string cosmology can
be expressed in terms of the matrix
S =
[
bg−1 g − bg−1b
g−1 −g−1b
]
, (1)
where g is the spatial metric, a symmetric d× d matrix,
and b is the antisymmetric tensor field. Together with
the dilaton φ, these are the massless modes of bosonic
string theory.
In [37, 38] it was shown that at the minisuperspace
level, when the spatial metric can be written as
gij = a(t)
2δij , (2)
where a(t) is the cosmological scale factor, the most gen-
eral action consistent with O(d, d) symmetry can be writ-
ten in the form
S =
1
2κ2
∫
ddxdte−Φ
[−(DΦ)2 +X(DS)]
+ Sm(Φ, n, S, χ) , (3)
1 Classical since the quantum corrections are not taken into ac-
count.
where
Φ = 2φ− ln(√g) (4)
is the shifted dilaton, a scalar under O(d, d) transforma-
tions, D indicates the covariant derivative operator, X(f)
is a scalar function which does not involve higher deriva-
tives of f , n is the lapse function, and χ stand for the
matter fields. The first line in the above is the space-time
action, the second line is the matter action. The function
X(f) can be expanded in powers of f , with coefficients
which are not constrained by the O(d, d) symmetry (but
which could be determined from full string theory).
In [40], solutions of the equations of motion were iden-
tified in which all nine spatial dimensions start out with
a size smaller than the string length. In this case, the
equation of state of the string gas is expected to be domi-
nated by the winding modes, and the solution correspond
to exponential expansion in the String frame but yield a
static metric in the Einstein frame. This initial phase
was denoted Stage 1 in [40].
When the size of space approaches the string scale,
winding modes start to annihilate into momentum and
oscillatory string states. However, as discussed in [7], this
annihilation only happens in three of the spatial dimen-
sions, while the other six remain wrapped by winding
modes. The equation of state evolves towards w = 1/3
for the three large dimensions (“external”) and w = 0
for the six “internal” dimensions. This is a short phase,
denoted Stage 2, during which the internal directions con-
tract while the external ones undergo super-exponential
expansion (in the Einstein frame). As the equation of
state parameter in the external directions approaches
the radiation form w = 1/3, the internal dimensions be-
come static, while the external ones continue with super-
exponential expansion. This is Stage 3 which we study
here. This phase ends once the dilaton becomes stabi-
lized by non-perturbative effects. The evolution of the
equations of state and the radii in both String and Ein-
stein frames is depicted in Figure 1 for both internal and
external directions.
III. SOLVING THE SIZE AND HORIZON
PROBLEMS OF STANDARD COSMOLOGY
In this section we show that the horizon and size prob-
lems of Standard Big Bang cosmology can be solved with
the classical string background which we have described.
Both problems can be solved if we can show that the co-
moving scale corresponding to the current Hubble radius
originates at the beginning of Stage 3 with a physical
wavelength smaller than the Hubble radius. In this case,
it follows that one initial Hubble patch can grow into
the observed universe, and as a corollary it follows that
the region over which we observe the Cosmic Microwave
Background (CMB) to be isotropic also starts out smaller
than an initial Hubble patch, thus allowing for a causal
mechanism to produce the observed isotropy.
3During Stage 3, the evolution of the dilaton and of the Einstein frame Hubble parameter are given by [40]
φ(3)(tE) = φ
(3)(tr)− d− 1
2
ln
[
1− e 2φ
(3)(tr)
d−1
(d− n+ 1)H(3)
d− 1 (tE − tE,0)
]
,
H
(3)
E (tE) =
e
2φ(3)(tr)
d−1
d− 1 H
(3)(n− 2)
[
1− e 2φ
(3)(tr)
d−1
(d− n+ 1)
d− 1 H
(3)(tE − tE(tr))
]−1
, (5)
where tE,0 ≡ tE(tr) and tr denotes the beginning of stage
3 in the String frame.
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FIG. 1: Sketch of the equations of state and Hubble radii in
the string and Einstein frames as a function of time (vertical
axis), for both internal and external directions. Stage 1 lasts
until the origin of the time axis. The time t∗ corresponds to
the end of Stage 3 when the dilaton stabilizes. Most of the
time interval between t = 0 and t = t∗ corresponds to Stage
3.
Notice that there is a bound on the maximum duration
of Stage 3 in the Einstein frame, which corresponds to the
time the Hubble parameter becomes singular,
∆tE,max ≡ tE,max − tE,0 = 1
HI
(n− 2)
(d+ 1− n) =
1
HI
, (6)
where the last equality holds after considering d = 9,
n = 6, and we have defined
HI ≡ e
2φ(3)(tr)
d−1
d− 1 H
(3)(n− 2) = e
φ(3)(tr)
4
2
H(3). (7)
Using this definition of HI , and defining tI ≡ tE,0 we
can rewrite the evolution of the dilaton and the Hubble
parameter for d = 9 and n = 6 in the simpler form
φ(3)(tE) = φ
(3)(tr)− 4 ln [1−H(tE − tI)] ,
H
(3)
E (tE) = HI [1−HI(tE − tI)]−1 . (8)
Recall that the maximum duration of this stage in the
Einstein frame corresponds to the String frame time vari-
able t going from 0 to ∞. Thus, although from the Ein-
stein frame point of view the finite tE,max corresponds
to the time where we get to a singularity, in the String
frame this happens only at infinity. Nonetheless, in order
to avoid the singularity we impose this phase of Stage 3
to end before reaching ∆tE,max.
Before we proceed to investigate a solution to the hori-
zon problem, let us remember that the Stage 3 was de-
fined to end when the dilaton enters in the strong string
coupling regime, φ(3)(t∗) ∼ 0, so that gs < 1 throughout
Stage 3. Hence, from the dilaton’s evolution in the String
frame (eq. (58) in [40]) we have
0 = φ(3)(t∗) = φ(3)(tr) + 2H(3)(t∗ − tr), (9)
which implies a bound on the duration of Stage 3 in the
String frame
∆t < −φ
(3)(tr)
2H(3)
, (10)
which depends on the string coupling at the beginning of
this stage, φ(3)(tr).
Let us translate the bound (10) to the Einstein frame.
From equation (59) in [40], we have
∆tE <
1
HI
(
1− eφ
(3)(tr)
4
)
, (11)
and we see that this is compatible with (6). Summariz-
ing, there is an upper bound on the duration of Stage 3 in
the String frame which is compatible with the maximum
possible duration of this phase in the Einstein frame.
4Let us now investigate if there could be enough accel-
erated expansion to solve the horizon problem (this will
then also solve the size problem). We demand that our
current observable Universe should fit in the comoving
Hubble radius at the beginning of the phase of accel-
erated expansion, i.e. (neglecting the evolution during
Stage 2)
H−10 ≤
a0
aI
H−1I . (12)
In terms of the end time tR of Stage 3 in the Einstein
frame, when the scale factor is aR and then Einstein
frame Hubble parameter takes the value HR, this can
be re-written as
H−10 ≤
a0
aR
aR
aI
HR
HI
H−1R . (13)
From (8) it follows that the Einstein frame scale factor
becomes
aE(tE) = aI [1−HI(tE − tI)]−1 , (14)
where aI is the value of the scale factor at the beginning
of Stage 3. Hence, during Stage 3 we take H ∼ a, and
thus (13) becomes the following condition on the duration
of this stage: (
aR
aI
)2
≥ HR
H0
T0
TR
(15)
= z−1/2eq
TR
T0
.
Here, we have made the approximation that the universe
becomes dominated by radiation immediately after tR
(and we neglected the short intermediate phase during
which the scaling H ∼ t−1 is achieved). Similarly, we
have neglected the effects of dark energy at the present
time, and we have hence taken the universe to be dom-
inated by radiation from tR until teq (with associated
redshift zeq), and then dominated by pressureless mat-
ter. Thus, we can use the scaling T ∼ a−1 for t > tR,
which corresponds to the constancy of the entropy den-
sity, and H ∼ t−1. Furthermore, T ∼ t−2/3 for t > teq
and T ∼ t−1/2 for tR < t < teq, and this is used to obtain
the second line. The scaling T ∼ a−1 applies also dur-
ing Stage 3, and this allows us to replace TR in (15) by
the initial temperature TI at the beginning of Stage 3, a
temperature which we expect to be given by the string
scale. Thus, (15) becomes(
aR
aI
)3
≥ TI
T0
z−1/2eq ≡ γ . (16)
Inserting for TI the string scale taken to be TI ∼ 1016
GeV, we find that the right hand side of (16) is of the
order γ ∼ 1026. Thus, provided that (16) is satisfied,
our model can solve the horizon and size problems of
Standard Big Bang cosmology.
The condition (16) on the duration of Stage 3 sets an
upper bound on the initial value of the dilaton field at
the beginning of Stage 3. Inserting the formula (14) for
the evolution of the scale factor during Stage 3 we see
that (16) takes the form
1−HI(tR − tI) < γ−1/3 , (17)
and, using the evolution of the dilaton from (8), this
becomes a lower bound on the change ∆φ of the dilaton
between times tI and tR:
e−∆φ/4 ≤ γ−1/3 , (18)
which yields an upper bound on the initial value φI of
the dilaton. Assuming that φ(tR) = 0 we find
φI < −4
3
ln γ , (19)
which is compatible with the weak coupling assumption
for neglecting gs corrections.
IV. CONNECTION WITH THE
TRANS-PLANCKIAN CENSORSHIP
CONJECTURE
Recently [42], a criterion on viable effective field theory
cosmologies has been conjectured. It states that no scale
which had an initial wavelength smaller than the Planck
length could ever have exited the Hubble radius. This
Trans-Planckian Censorship conjecture (TCC) shields a
late time observer from being affected by modes which
were initially trans-Planckian. The reason why the Hub-
ble horizon is the relevant scale is because fluctuations
only oscillate on sub-Hubble scales, while they freeze
out and increase in amplitude once they exit the Hubble
horizon. If the fluctuations begin as quantum vacuum
perturbations, they become squeezed vacuum states on
super-Hubble scales, they can decohere due to intrinsic
nonlinearities in the system, and they classicalize [43].
The TCC shields the observer from classical perturba-
tions which emerge in the trans-Planckian “sea”, a region
where effective field theory cannot be trusted.
The TCC implies stringent constraints [44] on stan-
dard inflationary models, only allowing low scale infla-
tion (V 1/4 < 1010GeV) with an utterly negligible ampli-
tude of primordial gravitational waves. Since our model
is also an effective field theory which does not include
all string degrees of freedom, it is interesting to check
whether Stage 3 satisfies the TCC or not.
The TCC bound implies that the Planck length at the
initial time tI can never become larger than the Hubble
radius at any later time tF :
aF
aI
<
MPl
HF
. (20)
When applied to Stage 3, the TCC implies a bound to
its duration δt
δt <
1
HI
(
1− HF
MPl
)
, (21)
5which is consistent with the upper bound (6). Imposing
the stronger bound (11) we have
eφ
(3)(tr)/4 >
HF
MPl
. (22)
Thus, if we want the Stage 3 to solve the horizon problem
and to satisfy the TCC, we need
γ−4/3 > eφ
(3)(tr) >
(
HF
MPl
)4
, (23)
which yields a bound to HF ,
HF < MPlγ
−1/3. (24)
This is a mild constraint compared to the constraint
which the TCC imposes [44] on slow-roll inflationary
models. In particular for γ ∼ 1026 the upper bound im-
plies that the energy scale at which Stage 3 ends should
not be greater than ∼ 1010GeV.
V. A FIRST LOOK AT THE EVOLUTION OF
COSMOLOGICAL PERTURBATIONS
In this section we will take a first look at the evolution
of linear cosmological fluctuations in the background dis-
cussed in previous sections. To study cosmological fluctu-
ations it is useful to work in the Einstein frame. At linear
level, all Fourier modes evolve independently. We are in-
terested in fluctuations of the metric in the external space
which are on cosmological scales today. Since Stage 1 is
static in the Einstein frame (and since Stage 2 is of very
short duration), the modes must have exited the Hubble
horizon early in Stage 3. In this preliminary study we
will follow the evolution of the fluctuations making use
of the perturbative Einstein equations, to which the full
classical string equations will reduce in the infrared limit.
A more consistent study would require us to understand
all α′ corrections beyond the minisuperspace approxima-
tion, something we do not have a handle on yet.
We will follow the fluctuations of the Einstein frame
metric. In longitudinal gauge, the external metric includ-
ing linearized cosmological fluctuations can be written in
the form (see [45] for a comprehensive review article)
ds2 = a(τ)2
(−(1 + 2Φ)dτ2 + (1− 2Φ)dx2) , (25)
where Φ(x, τ) is the gravitational potential, and τ is con-
formal time. We are not considering vector and tensor
fluctuations. At linear order they decouple from the
scalar cosmological perturbations which we are consid-
ering here.
The total action can be expanded to quadratic order
in terms of the amplitude of the fluctuations. Since mat-
ter fluctuations induce scalar metric fluctuations via the
generalized Poisson equations, the scalar sector of the
fluctuations can be described in terms of a single canon-
ically normalized field v [46, 47] which - for perfect fluid
matter - is the following combination of metric and mat-
ter fluctuations:
v =
1√
2lpl
(
ϕv +
2aβ1/2
Hcs Φ
)
, (26)
where ϕv is the velocity potential of the fluid, cs is its
speed of sound (which we set to 1 in the following), lpl
is the Planck length, H is the Hubble expansion rate in
conformal time, and
β = H2 −H′ , (27)
where the prime denotes the derivative with respect to
conformal time.
In Fourier space, the resulting equation of motion is
v′′k +
(
k2 − a
′′
a
)
vk = 0 , (28)
where k is the comoving momentum, and a prime indi-
cates the derivative with respect to conformal times τ .
In the fully α′-corrected theory, we expect modifications
in the squeezing mass term of this equation and in the
canonical variable that makes the friction term vanish.
In an expanding background, it follows from the above
that vk oscillates on sub-Hubble scales, i.e. for
k > H ≡ a
′
a
. (29)
In an expanding background like the one we are con-
sidering, the dominant mode on super-Hubble scales is
growing as
vk ∝ a . (30)
We are interested in studying the power spectrum
Pv(k, t) ≡ k3|vk|2(t) (31)
of the fluctuation variable v. For a scale-invariant spec-
trum, Pv(k, t) is independent of k. More generally, we
can introduce the scalar spectral index ns via
Pv(k, t) ∼ kns−1 , (32)
where scale-invariance corresponds to ns = 1.
Consider a fluctuations mode which exits the Hubble
radius at time ti(k) during Stage 3 (see Fig. 2). We
wish to compute the spectrum of v at the end of Stage 3
(t = tR) as a function of the spectrum at the beginning of
Stage 3 (t = tI). Since the fluctuations oscillate on sub-
Hubble scales and evolve as (30) on super-Hubble scales,
we have
Pv(k, tR) =
(
a(tR)
a(ti(k))
)2
Pv(k, tI) . (33)
The Hubble radius crossing time ti(k) is given by
a(ti(k))k
−1 = HE(ti(k))−1 . (34)
6x
t
t I
tR
t (k)i
(aH)-1
k
FIG. 2: Space-time sketch (with the horizontal axis depicting
comoving spatial coordinate and the vertical axis being time)
showing the evolution of the comoving Hubble radius (aH)−1
during and after Stage 3 (beginning at time tI and ending at
time tR) of our model. The wavelength of a fluctuation mode
(the vertical line labelled by k) exits the Hubble radius at a
time ti(k) and then re-enters at some late time.
Making use of the equations for a(t) and HE(t) we obtain
a(ti(k)) = a(tI)
[
k
a(tI)HI
]1/2
. (35)
Hence, the initial power spectrum at the time tI gets
boosted in the infrared by a factor proportional to k−1
(this is different as compared to slow-roll inflation, where
the boost factor is proportional to k−2):
Pv(k, tR) =
(
a(tR)
a(tI)
)2
HIa(tI)
k
Pv(k, tI) . (36)
In order to obtain a scale-invariant spectrum of curva-
ture fluctuations at late times, an initial spectrum at the
end of Stage 2 with power spectrum proportional to k
is required. In work in progress we are investigating the
origin of fluctuations in our model.
VI. SUMMARY AND CONCLUSIONS
We have explored some aspects of the cosmology of
the classical string background discovered in [40]. This
background is a candidate for an emerging cosmology.
The evolution begins with all nine dimensions of space
smaller than the string scale, and matter being a gas
of strings dominated by winding modes. In this case,
the equations of motion for a classical string background
admit a solution in which all dimensions of space begin
by expanding exponentially in the String frame, while
they are static in the Einstein frame (Stage 1). When
the size of the spatial dimensions approaches the string
scale, the equation of state of the string gas begins to
deviate from that of pure winding number domination.
Since winding modes can only efficiently annihilate in
three spatial dimensions, our background evolves into one
in which three dimensions grow while the others remain
compact. After a brief intermediate phase (Stage 2), the
internal dimensions become static while the external ones
undergo super-exponential expansion (Stage 3). Stage 3
ends once the dilaton is stabilized.
We have shown that as a consequence of the super-
exponential expansion of the external dimensions, our
background can solve the horizon and size problems of
Standard Big Bang cosmology, provided that the initial
value of the dilaton is sufficiently small such that Stage
3 lasts sufficiently long. We have shown that our back-
ground can satisfy the Trans-Planckian Censorship Con-
jecture. We have also studied the evolution of cosmo-
logical fluctuations during Stage 3, and found that the
power spectrum of fluctuations is bootsed in the infrared
by a factor proportional to k−1, where k is the comoving
momentum.
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